The results of dynamic compression and splitting of dry and water-saturated limestone are presented. The tests have been performed using the Kolsky method and its modification for dynamic splitting. The strength and fracture time of this material at high strain rates have been obtained. It is shown that these characteristics are sensitive to the strain rate. A unified interpretation of these rate effects based on the incubation time approach is presented. Theoretical calculations show that the application of the incubation time concept allows to select the optimal ratio of duration and amplitude of action, which can reduce energy consumption during production and processing of rocks.
Introduction
The mining of rocks and their further processing always assumes excavation, drilling, blasting etc. Current technologies allow to speed up the process by increasing the powers of the mining equipment. However, such a straightforward power increase might also lead to the increase in operational expenditures and, eventually, in increased production costs unless the processes of deformation and fracturing of rocks are not properly understood.
It is well known that one of the main problems in modeling the dynamic strength properties of materials is related to the dependence of the conventional ultimate material characteristics on the loading history and type/method of loading. The dependence on the method of force application manifests itself as a large variation in the limit variables caused by variations in the impact duration, amplitude, increase of the rate of the external force, and several other factors. Application of the incubation-time τ based approach allows one to describe all variety of experimentally observed effects in fracture dynamics (Petrov and Morozov 1994, Smirnov et al. 2012) .
This paper discusses results of a new method to study the dynamical strength of rocks based on dry and fully saturated samples of limestone.
Testing procedures
To study the dynamical properties of limestone, a setup based on SHPB has been employed. For uniaxial compression tests, a classical Kolsky scheme has been used. For the tensile testing, the Brazilian test scheme has been used.
In the setup, aluminum rods (D16, c = 5010 m/s) with the diameter of 20 mm have been used . To vary the length of a pulse of stresses, aluminum projectiles of the different lengths (100 and 300 mm) have been used.
Samples have been produced out of the cores supplied by a Belgian company Tuytelaers NV. This material is referred by them as Euville. It has the density of ρ = 2432 kg/m 3 . The samples had a cylindrical shape with the diameter of 19.5 mm and length of 14.5 mm. To prepare the water saturated samples, the dry ones have been halfsubmerged into the water to become saturated due to the capillary effect. After that, they were kept fully submerged during 29 days. The obtained saturation has reached 3.6 %.
A series of tests has been carried out using rods of the diameter of 60 mm. These tests have been done to determine the effect of the scaling factor. In this case, the diameter of samples was 59.3 and their length was 36 mm.
Quasi-static tests have been carried our using a standard equipment with a capturing speed of 1 mm/min. Results of these measurements are shown in Table 1 . It is important to mention that there was no statistical data: each result was obtained for a single sample. 
Dynamical uniaxial compression test
The dynamic compression tests were carried out on 17 dry and 14 saturated samples. The typical stress diagrams obtained at different projectile velocities (and thus, strain rates) are shown in Fig. 1a . The initial part of the loading branch corresponds to the growth of the stress and strain. After the stress in the specimen reaches the limiting value (σ*), the material begins to fail rapidly accompanied by the formation of micro and macro cracks leading to a significant reduction in the stress with increasing strain.
The variation of the maximum stress with the strain rate is shown in Fig. 1b . In spite of the scatter in the data, it is reasonable to conclude that the maximum stress increases with increasing strain rate and the fracture time decrease with increasing strain rate. Also, we can conclude that the dry limestone is 20-30 percent stronger than the wet. The observed time dependence of the strength can be predicted on the basis of the incubation time criterion, which in this particular case of fracture takes the form (Petrov 2004 ):
where σ(t) is the time dependence of the average compressive stress in the specimen; 
Dynamic split cylinder test
Dynamic split tests have been performed for 11 dry and 10 saturated limestone samples. Since the range of pressures in the gas gun is limited, then to achieve a larger variation of the amplitude of stresses, a vinyl plastic projectile has been used. Similarly to the compression test, the beginning of fracturing occurs when stresses in the sample stop growing and start to decline. The test results are shown in Fig. 2 .
We can conclude from the diagrams that saturated limestone has the same limit dynamic tensile strength as well as dry. The variation of the maximum tensile stress with the stress rate is shown in Fig. 2b . It is reasonable to conclude that the maximum stress increases with increasing stress rate.
The dynamic splitting tensile critical stress was predicted based on the criterion of the incubation time, which in this case takes the following form (Petrov 2004 ): In Fig. 2b the bold curves correspond to the calculation according to criterion (2) with the following set of parameters: 
Note on a possible minimization of energy require to break rocks
Let us show how the incubation time concept could be applied to minimize the specific energy required to break rocks based on the example of limestone.
Based on the solution of dynamical contact problem and definitions of the incubation time and a "quant" of the incubation, it has been shown by Petrov et al. (2011) and Volkov et al. (2011) that the minimal energy, which should be supplied to the cutting tool to initiate the threshold fracturing pulse strongly depends on a duration of this pulse t o . A change of the loading regime of rock associated with the reduction of the time of the impact can lead to the reduction of the energy at a cutting tool.
The interaction of crushing and cutting tools with a rock can be modeled by solving the contact problem of an impact of a spherical particle of radius R and initial velocity V with a half-space (Hertz problem).
By considering the threshold speeds of the impact, it has been shown by Petrov et al. (2011) and Volkov et al. (2011) that the kinetic energy K of a particle depends on the duration of the fracturing impulse of the stresses (initiated by the impact of this particle) 
where t 0 is the impact duration; σ max is the amplitude of the stress impulse in the Hertz problem; ρ is the particle density; E is the modulus of elasticity; ν is the Poisson's ratio. Fig. 3 shows the calculated dependency of the critical energy of a particle (i.e. cutting tool) required to fracture the saturated limestone with parameters determined during static and dynamic experiments ( Stress rate (Pa/s) τ = 84 μs). Obtained dependency has a minimum, which confirms the existence of the optimal energy range required to break the material. 
Conclusion
The dynamic tests of dry and water-saturated limestone in compression and splitting by the Kolsky method and its modification were carried out. The analysis of the experimental data shows an increase in the dynamic compressive critical stress with increasing strain and loading rates (up to a average strain rate of ~ 500 s -1 ) being almost eight times as much than the quasi-static compressive critical stress. The dynamic split critical stress also increases with increasing loading rate and is three times as much the quasi-static value (at a stress rate of ~ 300 GPa/s).
The temporal dependence of both dynamic compressive critical stress and split tensile critical stress can be predicted by the incubation time fracture criterion and these dependencies turned out to be in good agreement with the experiments. The incubation time of fracture (dynamic strength) of dry and saturated limestone in conditions of split tension turned out to be approximately the same as for compression tests. It is shown that static compressive strength of the saturated limestone is approximately 30 percent smaller than that of the dry limestone ( compr c = 7.7
MPa and compr c = 11.3 MPa correspondingly), whereas its dynamic compressive strength measured in terms of incubation time conversely 50 percent bigger. The split static strength of the saturated limestone is twice less than that of the dry rock, whereas as its incubation time is two times greater (τ = 84 μs and τ = 40 μs). Thus considering dynamic tests of the particular material we proved that the saturation process do affects its static and dynamic strengths but in the opposite way.
Theoretical calculations based the incubation time concept show that exist optimal durations of the impact in terms of energy. This fact allows one to suppose that selection of a proper mechanism of the impact can result in a significant reduction of specific energy in various applications.
